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INVESTIGATIONS OF THE DETERIORATION OF
22 REFRACTORY MATERIALS IN A MACH NUMBER 2 JET AT A
STAGNATION TEMPERATURE OF 3,800 ° F
By B. W. Lewis
SUIMMARY
A limited investigation of the deterioration characteristics of
22 refractory materials was conducted by exposing them to a stagnation
temperature of 3,800 ° F in a Mach number 2 ceramic-heated jet at the
Langley Research Center. The materials tested were six materials whose
major constituent was silicon carbide, five cermets whose major constit-
uent was titanium carbide, six materials whose major constituents were
metal borides, four cermets containing alumina, and one silicon nitride
model. Tests consisted of obtaining weight change and appearance changes
for i/2-inch-diameter hemispherical-nose cylindrical models exposed to
the air jet for 30 seconds at a time for a total of four runs or
2 minutes exposure. Curves of weight changes plotted against the number
of 30-second tests in the jet were obtained. Estimates of average sur-
face temperature near the stagnation point of the model were obtained
by use of a special temperature-measuring camera. The models were
examined before and after the completion of the tests for possible changes
in microstructure; no significant changes were found. The data obtained
were analyzed with the view that the oxidation characteristics of the
materials were the main factor in deterioration of the materials under
the conditions of the tests. It was concluded that only those materials
which changed in weight the least could be recommended for further
extensive application-oriented evaluations. The following materials
fell in this category: silicon carbide - silicon_ chromium - 28-percent
alumina cermet, titanium boride - 5-percent boron carbide. The remainder
of the materials tested had oxidation characteristics which appeared to
be too severely limiting of their general applications to flight vehicles.
INTRODUCTION
The structures and skins of hypersonic vehicles may be aerodynam-
ically heated in flight to temperatures above 2,000 ° F. The materials
which may be used for these vehicles must be able to withstand the high
2temperatures without significant loss of ph/sical and mechanical prop-
erties. The deterioration of refractory materials other than oxides in
air at high temperatures is considerably influenced by the oxidation
characteristics of the materials. In many_ases it is the poor high-
temperature oxidation resistance which limits the usefulness of other-
wise excellent materials. It is not suffic:[ent to test the materials
at high temperatures in quiescent air becau_;emanymaterials form oxides
which maybe somewhatprotective under thes_ conditions but not under
the flight conditions of high speed where m_chanical erosion may con-
tinuously removethe oxides. Whereasmost c_f the refractory materials
are themselves fairly resistant to mechanic_tl erosion, the oxides are
generally much less resistant. Thus the ox:idation characteristics of
the material is considered to be the main f_ctor involved in the deteri-
oration of the refractory materials of this investigation. A material
which loses weight rapidly is obviously becoming less useful due to its
decrease in thickness and resultant depletion of mechanical properties.
A material which gains weight rapidly on oxidation can be just as
seriously changed in mechanical properties _ince the oxide coating has
generally poor mechanical properties and th_ original material is
decreasing rapidly in thickness also. In c_ses where dimensional sta-
bility or surface smoothnessis necessary n_ither of these types of
materials will prove satisfactory. Further, in manyapplications it
would not be desirable to overdesign by allowing for loss of weight in
one case or loss of properties for oxidatior where gain in weight
occurs. From this it follows that the most useful materials will be
the ones which change in weight and surface condition the least.
In order to obtain someestimates of the extent of deterioration
under conditions of high temperature and supersonic or hypersonic flow_
a numberof refractory materials having excellent thermal shock resist-
ance properties were selected for testing in the Mach2, 3,800° F stag-
nation temperature ceramic-heated jet (ref. i) at the Langley Research
Center. Materials were selected as those whgse general physical prop-
erties madethem candidates for nose and lea_ing-edge materials for
hypersonic vehicles. These materials cover a range of densities,
specific heats, and thermal conductivities w_ich will affect their
utility in any given application. Table I lists these materials, their
sources, and other information of interest. Hemispherlcal-nose cylinder
models 1/2 inch in diameter were obtained fo_ the tests. The scope and
experimental conditions of the tests were gorerned by the capabilities
of the ceramic-heated air Jet and the limitel numberof models avail-
able. The tests in the jet yielded weight-clange data, approximate
surface temperatures near the model stagnation point and a qualitative
evaluation of appearance changes. Internal_icrostructure-change exam-
inations were madeby metallographic techniqles. These results offer
information of a screening nature to permit _he selection of a few
materials for further qualification tests for specific application to
the design of structures for hypersonic vehi,:les.
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3MATERIALS AND MODELS
The materials were selected from a large number which had been
evaluated in reference 2 for application as flameholders. Only materials
which had the best thermal-shock resistance were selected. In all,
22 materials were selected: 6 had silicon carbide as the major constit-
uent, 5 were cermets whose major constituent was titanium carbide,
6 were metal borides, 4 were alumina cermets, and there was i silicon
nitride model. Some of the materials were quite similar to each other
but had been made by different processes or agencies. Table I lists
the materials along with source and designations. Approximate composi-
tions and other data are given where available. Models were machined
in the shape of hemispherical-nose cylinders of i/2-inch diameter. Fig-
ure i shows a i/2-inch-diameter model during test. The models were held
in a conical graphite adapter on the end of a steel sting during the jet
rllns.
TEST FACILITY AND OTHER APPARATUS
Laboratory-Scale Ceramic-Heated Air Jet
This facility produces a test jet of heated air with a velocity of
Mach number 2 and an approximate maximum stagnation temperature capabil-
ity of 4,000 ° F. The stagnation pressure is 105 lb/sq in. The useful
portion of the Jet is within a jet column of circular cross section of
about 5/8-inch diameter. The air is heated by a reverse flow through
a ceramic-pebble bed which is first heated to the desired temperature.
Details of the construction and use of this facility are contained in
reference 1.
Laboratory Apparatus
The models were weighed on an analytical balance to the closest
milligram.
Surface temperature estimates of the models while in the jet stream
were made using a modified K-24 aerial camera and film densities were
read with a densitometer. Details of the camera and the method of
estimating temperature by its use are contained in reference 5.
Microstructure examinations were made by use of Buehler metal-
lographic specimen preparation equipment and Bausch and Lomb research
metallographic equipment.
4EXPERIMENTAL PROCED1 rRES
Jet Test Procedur_
The models were weighed to the nearest milligram and mounted in
the remotely controlled mechanism for insert:!ng the model in the jet.
The pebble bed of the heater was heated to _out 4,000 ° F. The heating
equipment was shut off and the pressurized a:r was forced in _everse
flow through the bed and through the Mach nm_ber 2 nozzle. The model
was inserted directly over the nozzle opening; and received the direct
blast of the hot air jet. The model was expc.sed to the jet for 30 sec-
onds and then removed. The air was shut off. The pebble bed tempera-
ture (usually about 3,600 ° F) was read by op_.ical pyrometer as soon as
possible (approximately i minute). Stagnation temperature was taken as
the average between the initial and final bed temperature readings.
After cooling under ambient conditions, the rLodel was removed from the
sting at room temperature and was weighed again. This last weight was
taken as the initial weight for the next run of that model unless the
next run for that particular model was dela_ d for a few weeks. When
there was a considerable time lag between rtus, the models were reweighed
Just before the next run. 0nly in a very fe_ cases was a change in weight
observed under these conditions and then the data were corrected. Obser-
vations were made on the appearance of the model nose as to color, nature
of oxide or glaze, and evidence of erosion.
Color motion-plcture and temperature caneras were operating during
the run. The temperature camera films were _ead by measuring the density
of the blackened image of the model at a locstion as close to the stagna-
tion point as possible. These densities were compared to calibration
charts relating density, exposure, and tempezature in order to obtain
the surface temperatures. Temperature data c f the model surface were
taken on an average of about every 2 seconds during the runs. Figure 2
shows typical curves of 2-run average camera temperatures near the model
stagnation point plotted against time in the jet. The motion pictures
of the runs were taken, in most cases, without any artificial lighting
because the temperature camera required a reffatively dark background in
order to make the measurements of the model. Thus, the motion pictures
showed only the glowing nose of the model.
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Microscopic Examination Procedure
For the microscopic examination of the m_dels, a slice of the
material was cut off the back end before Jet tests. After the jet tests
the model was cut longitudinally on the center line, and was cut perpen-
dicular to the length at approximately the ba3e of the hemisphere of
the nose. The specimens were then mounted to expose internal surfaces
in both the longitudinal and lateral directions of the tested model and
the lateral direction of the untested specimen. The specimenswere then
polished and etched and photomicrographs were madeof these surfaces.
The specimens also were examined visually. Thesemicroscopic examina-
tions were performed to deteI_nine whether any observable changes occurred
to the internal microstructure such as a change in grain or crystal size
or whether changesoccurred in the material close to the model nose sur-
face as a result of the jet tests.
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Quantitative Significance of the Data
The jet conditions were not known precisely. The jet-pebble-bed
temperature measurements were taken about 30 to 60 seconds before the
model went into the jet and 60 to 90 seconds after the model came out
of the jet. The average of these two optical pyrometer measurements of
temperature of top surface of the ceramic pebble bed was called the
average stagnation temperature. Thus, the actual jet temperature was
not measured or accurately known. Unpublished temperature-calibration
data of this facility indicate that the average temperature as obtained
from the optical pyrometer measurements mentioned previously is a maximmn
and that the actual stagnaZion temperature may be as much as 200 ° F
lower. For the comparisons of weight-change behavior in this investiga-
tion it was assumed that all runs were made under essentially the same
jet conditions. The model weights were taken on an analytical balance
the precision of which is about ±0.2 milligram. There was some ceramic
dust in the jet from time to time which adhered to the model nose. Most
of the time this material could be removed easily _ud was removed before
weighing. An investigation of the quantity of dust a_ering to the model
noses showed that it varied from run to _n and that as much as i0 mil-
ligrams could accumulate. However, since most of this dust was removed
before weighing a model, it is believed that changes in weight greater
than 2 milligrams are significant and due to other causes than adhering
ceramic dust. It is believed that the weight changes were chiefly due
to oxidation effects including loss of oxides by mechanical erosion as
well as formation of volatile oxides or solid oxide scales.
RESULTS AND DISCUSSION
The data of the weight-change studies of the models in the laboratory-
scale ceramic-heated jet at an average stagnation temperature of 3,800 ° F
and the final condition of the model noses are given in table I. Also
included under test results in table I are the average surface tempera-
tures near the stagnation point of the model during the tests as obtained
by a camera. The numerical average of all points and runs for a given
6model is the value given in table I. Figure __shows typical, average
camera temperature curves as a function of t£ue for models M-7 and M-19
which indicate that the surface temperature w ls essentially constant
over about the last 25 seconds of the 30-secoild runs. The weight change
of the model as a variation wlth number of 30-second tests in the jet
appears in figures 3 to 6 where materials hav Lng a common major component
are plotted on the same figure.
In considering the weight-change data, i-_ appears that in many cases
the change for the first 30-second jet test i_ quite different than that
for the last three 30-second tests. This seerls to indicate that the
first run changed the original condition of t_e model and that subsequent
runs were tests of the model in the altered c(ndition. It would appear
logical then in making comparisons to considel _ only the weight-change
trends for the last three runs of each model. The changes which take
place during the first run should not be ignored, however, as they may
represent changes which will occur in use unless the material is
preconditioned.
The results obtained for most of these materials appear to be
approximately explained by consideration of knowT_ oxidation character-
istics of the components present. Classifying the materials according
to major component seems to be the best procedure for discussing this
facet of the work. Those materials containing silicon carbide (SIC), M-I
to M-6 (see, fig. 3 and table I), would normally be expected to react
slightly with oxygen to form a volatile oxide _f carbon (CO or C02)
and the glassy oxide of silicon (Si02) which slould result in a net gain
in weight. However, at these temperatures the glass is liquid enough
to be blown away in the jet stream. Thus, a n._t loss is to be expected
and this was observed for all of those models ,_xcept M-5 (silicon
carbide - silicon) which showed no net change. When the other component
is considered, further weight changes may be p:'edicted. For the models
containing carbon a net loss is expected due t(, the volatile oxides
formed. Materials M-2, M-3, and M-4 contained carbon as well as SiC and
all of these lost more than M-I which was only SiC. Those models which
contained SiC and a component other than carboL, that is, M-5 with Si
and M-6 with silicon nitride (Si3N4) should gain weight if the glassy
SI02 remains. M-5 showed essentially no weight change yet had slight
surface erosion. This can best be explained aE a balance in weight
gain due to oxidation and loss due to mechanic_l erosion, both being
slight. In the case of M-6, the model lost a significant amount of
weight in the first 30-second run and in subsequent runs gained slowly
in a fairly uniform manner. The behavior of M-6 was quite similar to
that of M-7, which was pure Si3N4, except that the initial loss was much
less for M-7. The reason for the initial loss in these two cases is not
known.
7The next class was composed of cermets containing titanium carbide
(TIC) and a metal or alloy and included materials M-8 to M-12. (See,
fig. 4 and table I.) TiC was the major component and its oxidation
would yield volatile oxides of carbon and solid yellowish titanium
dioxide (Ti02) which should give a net increase in weight if the Ti02
remains on the surface. M-8 containing i0 percent nickel (Ni) and M-9
containing 20 percent Ni initially showed an increase in weight and then
started to lose, both tendencies being slight. The loss may have been
due to loss of the TiO 2 by erosion due to the flowing air. However, the
solid coating was not yellow but brown which indicates that the Ni may
have been oxidizing too which, with its blackish oxide, Ni0, would give
the brown color observed. These two oxides probably were being formed at
the same time and were not adherent enough to remain. The remaining
models containing TiC were M-IO containing 40 percent Ni, M-II containing
40 percent nickel-molybdenum alloy (Ni-Mo), and M-12 containing 50 per-
cent Ni-Mo alloy. All of these last three lost weight quite rapidly and
there was evidence of a melting of the oxide products. It is known that
Mo often causes an increase in oxidation rate of alloys and thus it could
have been expected that M-II and M-12 would deteriorate fairly rapidly.
There seemed to be a trend also for greater rates of deterioration of
these types of cermets with increasing amounts of Ni indicating that TiC
by itself might be more oxidation resistant than any of these cermets.
The next major group was those which contained metal borides. (See
fig. 5 and table I.) Materials M-13, M-14, M-15, and M-18 were pure
borides, the first three of which were titanium boride (TiB2) and the
last chromium boride (CrB2) _ M-16 was a titanium boride (TiB2) - 5 per-
cent boron carbide (B4C) model, and M-17 was a TiB 2 - Ni model. One
would normally expect all of these to gain weight since only solid
products of oxidation are expected in the temperature range covered
with exception of B4C , a minor constituent of M-16. It is expected that
glassy boron oxides will be formed and depending on the amount may become
liquid and flow back and possibly be blown away or boil away. Several
of the models had acquired a slight glassy coating and in a few instances
there was evidence of flow back from the nose of the model. All of these
models gained weight in the jet runs except M-15 which initially lost
weight in the first 30-second run and then gained at approximately the
same rate as the other TiB 2 models in the last three runs. This appar-
ently anomalous behavior of M-15 has not been explained. With the metal
borides, the addition of small amounts of other material seemed to give
resistance to oxidative deterioration, for example, M-16, TiB 2 - 5 per-
cent B4C , had the least weight change and M-17, TiB2-Ni , was next best,
both being significantly more resistant to deterioration due to oxida-
tion than the pure TiB 2 models or the CrB 2 which was the least resistant
as shown in figure 5.
The remaining group of materials was cermets contaimimg al_nina
(A1203) and a metal or alloy phase. (See fi E. 6 and table I.) M-19
and M-20 were Cr-AI203 cermets_ M-21 was a Cr-Mo alloy-Al20 _ cermet,
and M-22 was a chromium-tungsten alloy-alumina cermet (Cr-W alloy-Al20 _
cermet). For these types of materials the oxidation characteristics
should be similar to that for the metal or alloy only since AI20_ is
already in its highest oxidation state. Thus it would be expected that
M-19 and M-20 would be the most resistant to oxidation and would gain
slightly forming a fairly adherent oxide coating. This is what occurred
and for someunknownreason M-19 gained significantly more than M-20.
For the models containing the Cr-Mo or Cr-W alloy it would be expected
that there should be less oxidation resistanc_ and probably an overall
loss in weight due to the effect of Moor Wwhich generally catalyze
oxidation of alloys and form volatile oxides. Model M-21, however,
gained weight in these tests which was contrary to the expected. M-22,
the Cr-W alloy - AI203 cermet, performed as e_pected by losing consider-
ably in weight.
In general, the composite-type refractories which usually have
physical properties that are somewherein bet,_een those of the single
components, have chemical properties approximately the sameas the indi-
vidual componentsand which probably are quantitatively controlled by
the concentrations at the reacting surface. _s has been noted, manyof
the materials tested exhibited a change in we_ght for the first 30-second
run which was inconsistent with the changes tlLat occurred for the sub-
sequent three runs. The reason for this is tlLought to be that the model
surface was altered in chemical composition by the initial oxidation
process to the extent that a different oxidat#on mechanismwas responsi-
ble for the weight changes of the last three :'uns comparedto the first
i_un.
_e fact that all of the models_ at room temperature_ were inserted
into the jet and heated to equilibrium temperature in about 5 seconds
and then allowed to cool under ambient conditions to room temperature
again for 4 cycles without apparent damage, ccnfirmed their good general
resistance to thermal-shock damage.
No figures or data are given of the microscopic studies of the
internal microstructure because the examinations revealed essentially
no changes in microstructure had occurred due to the testing.
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CONCLUSIONS
The results of these studies concern the _eight change of the var-
ious materials and the relationship of these c_anges to possible useful-
ness of the materials for hypersonic missile aud reentry vehicle
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construction. The nature of the results is mainly directed toward
elimination of some of the candidate materials and the recommendation
of others for further investigations in application-oriented tests.
The following conclusions have been reached:
i. Materials which showed the best resistance toward deterioration
in these tests were: silicon carbide silicon, chromium - 28 percent
alumina cermet, titanium boride - 5 percent boron carbide. It is believed
that these materials should be tested for specific applications where
better materials are required for high-temperature_ supersonic airstream
exposure, as their useful life expectancy is greatest. The silicon
carbide - silicon material has an advantage over the other two in its
lower density.
2. The following materials are not considered suitable for use in
situations where high aerodynamic heating occurs: silicon carbide -
carbon composites, chromium-tungsten - alumina cermets, chromium boride,
titanium carbide - nickel cermets of nickel content greater than 20 per-
cent, titanium carbide - nickel-molybdenum cermets. These, in general,
change in weight much too rapidly to have sufficiently useful life
expectancies.
_. The following materials may be useful for specific applications
where their type of deterioration is not particularly serious or long
life is not of primary importance: chromium-molybdenum - alumina cermet,
titanium carbide - nickel cermet when nickel content is 20 percent or
less, silicon carbide, titanium boride, titanium boride - nickel, silicon
carbide - silicon nitride_ and silicon nitride. These would have to be
further qualified in specific tests.
Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., April 7, 1961.
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Figure i.- Typical i/2-±nch-diameter model during test in a Mach number 2
ceramic-heated air jet at a stagnation temlerature of 3_800 ° F.
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